Abstract-Due to the increasing trend towards energy saving white goods appliances and the commercial viability of power electronic components, there has been an expansion in the use of solid state electronics and variable frequency drive motors in these applications. However, a major drawback of using such energy efficient loads is the introduction of current harmonics onto the local distribution grid. Furthermore, the proliferation of such devices elevates the supply harmonic content and can potentially impact residential distribution networks. This paper investigates the harmonic content generated by some household appliances and suggests a solution to minimize harmonics by means of active filtering. An active filter circuit was simulated to compare filter performance when used as an active front versus a feeder input compensator.
I. INTRODUCTION
arket penetration of smart appliances is inevitable as these loads provide higher efficiency compared to older generation appliances. Non-linear loads draw nonsinusoidal currents from electrical power systems. Current waveform distortion is undesired since it leads to poor power quality. Distorted currents have been known to cause protection device malfunction [1] , extra neutral current, improper operation of metering devices, de-rating of distribution equipment and creating resonance circuits [2] . Harmonics accelerate the aging of distribution transformers through thermal stress as well as causing power interruptions at the distribution levels [3] . As a result, there is a vital need to reduce and possibly eliminate Harmonics. Tests had indicated that smart appliances failed to meet the international standards established in North America (IEEE 519) and Europe (IEC 61000-3-2) [4] . In this paper, an active filter design was simulated to be tested on appliances. The testing scenarios included a single appliance as well as combinational. The simulation results will determine which filtering scheme holds better performance (overall harmonic compensation).
II. POWER QUALITY AND STANDARDS
Harmonics on the power grid will be a major concern for local utilities in the years to come [3] . To ensure a reliable grid performance, it is critical to realize high power quality within the distribution system. High power quality can be achieved by implementing passive and/or active filters to compensate for load harmonics by correcting the distorted current waveform to an almost sinusoidal waveform. Total Harmonic Distortion (THD) measures how severely poor the power quality is on the line. THD is the ratio between the RMS value of the sum of all harmonic components and the RMS value of the fundamental component, as in below:
The higher the THD ratio indicates a poor power quality. Standards have been established to maintain a high power quality on the power grid to force manufacturers of nonlinear loads to restrict the harmonic content according to the distorted current waveform drawn by the load [5] [6] [7] .
III. TEST OF WHITE GOOD COMPONENTS
A lab at Mohawk College in Hamilton, Ontario, Canada has been built to emulate a typical modern North American home, consisting of a variety of 120V/240V appliances [8] . All tested appliances installed in the lab are commercially available. The appliance details are presented in Table I . To fully examine the effects of harmonics generated by these appliances on the supply current, extensive testing has been conducted using ION 7650 power quality meter; considering two test scenarios, (a) singular (fridge only) and (b) combinational (all appliances turned on). A. Single Appliance (Fridge) The fridge has a linear motor that drives a linear compressor [9] . The position controller detects voltage and current of the linear motor to calculate the stroke. The compressor relies on the pulses generated by the controller to achieve the highest energy; this happens when the voltage peaks at a maximum of 169.3V. The circuit diagram of the scheme is illustrated in Fig. 1 [9] . Switching the TRIAC to achieve maximum energy savings comes at the cost of poor power quality. Using ION 7650 meter, the line current of the fridge was monitored and a steady state waveform was captured as illustrated in Fig. 2 . It can be clearly observed that the TRIAC turns on when the voltage is around the peak value. The power for that duration will be maximum and sufficient to instantly provide high energy to drive the compressor. 
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B. All Appliances (Combinational Test)
The appliances mentioned in Table I was energized and their total current monitored on the secondary of the transformer supplying the lab. A high frequency current transducer combined with ION 7650 meter was used to accurately measure the total supply current. The test was conducted when loads where operational at steady state. Fig.4 shows the supply voltage and current waveforms. The THD was found to be 80.47% of fundamental current. 
IV. ACTIVE FILTERING
Filtering of harmonics can be either passive or active. Passive filters are usually tuned to remove a certain harmonic caused by a non-linear load, based on the resonance frequency; a capacitor value can be chosen to remove that harmonic. Given that limitation, passive filtering can be inefficient when there is a range of harmonics on the system that needs compensation. On the other hand, active filtering circuitry implements power electronics to produce a waveform that compensates for the non-linear load current waveform. All of the harmonics generated from the load may be minimized or cancelled and only the fundamental component remains. Since power electronics are cost effective for low power applications (residential loads), it is economical to utilize them in home appliances as active filters. Another advantage of Active filtering is that the weight is relatively light when compared to passive filters [10] .
A. Inverter Circuit
An active filter can be a current source inverter (CSI), which employs an inductor as the storage device, or a voltage source inverter (VSI) that employs a capacitor as the energy storage [2] as shown in Fig. 6 . The cost of CSI is higher than the VSI due to the large energy storage inductor. The CSI cost could be reduced if practical high-temperature superconducting coils become available in the future [2] .
For this paper, the VSI based active filter was chosen due to less volume, weight and reduced cost of the energy storage device. The active filter configuration is based on a pulse-width modulated (PWM) VSI. In this configuration, the filter is connected in parallel with the load being compensated. Hence, the configuration is often referred to as a shunt active power filter. The DC capacitor must be precharged from supply to maintain its voltage close to the supply reference value [11] . 
1) Circuit Components
The filter considered for this study consists of the following components: -Power source, a single phase 120V/60Hz -Load, current data collected from Section III in (*.csv) format were imported by the signal builder block to simulate all the appliances and the fridge currents, each done separately to assess the filter capability. -VSI inverter (the filter) which contains a two-leg IGBT switches, an energy storage capacitor and a smoothing line inductor/resistor. -Controller circuit, which drives the gates of the IGBT switches. The equations governing the filter operation are listed below:
where, ( ) is the filter current, represents the resistance of the circuit, is the inductance to ensure smooth filter switching, is the state of the switches, ( ) is the capacitor voltage and ( ) is the source voltage. The IGBT switching configuration is illustrated in Fig.7 . For =1 when S1 and S4 are on (upper switch in leg 1 and bottom switch of leg 2 of the inverter), = 0 when S2 and S3 are on (bottom switch in leg 1 and upper switch of leg 2 of the inverter). The gates of the IGBT switches are controlled precisely to measure the load current. 
2) Controller
Active filters are relatively new and different topologies are being proposed [11] [12] [13] [14] [15] . For each topology, there are issues of component ratings and compensation methods applicable to the non-linear load current. Regardless of the controlling method, the APF must have the capability to track sudden slope variations in the current reference [10] . There are mainly two techniques for reference current extraction, frequency domain and time domain [14] , this paper focuses on the time domain since it involves fewer calculations compared to the frequency domain, hence, current estimation is achieved faster. Fig. 9 shows the schematic of the APF controller circuit. The capacitor voltage is compared to a reference voltage value that should be 1.5 times that of the maximum line voltage [2] to ensure correct operation of the filter. After the proportional-integral (PI) stage, the signal will be multiplied with a per unitized value of the source voltage to estimate the reference current, . The reference current should be a very close estimation of the sinusoidal source current. It will then be subtracted by the load current to get the reference filter current. The filter current will then be compared with the obtained reference value of the filter current to trigger the IGBT gates accordingly as illustrated in Fig. 10 . To avoid a short circuit situation in the filter circuit, the capacitor has to be pre-charged by the supply prior to the filter activation. Fig. 9 . Obtaining the reference current using PI controller Fig. 10 . Obtaining the reference current circuit using PI controller
C. Simulation Results
Simulation of the active filter as applied to the residential loads was carried out using Simulink's SimPowerSystems. Two scenarios were considered, (a) the fridge as the nonlinear load, the active filter circuit is represented as an active front end; and (b) all of the appliances are operational and the filter is simulated to be placed on the feeder input that is close to a main circuit breaker.
1) Fridge Results (Active Front End Compensation)
The filter PI parameters have been tuned to compensate for the fridge current. The PI controller gains for the proportional Kp and integral Ki were set to 0.01 and 10 respectively. The line inductor was set to 10 mH to limit the current from the filter, as in Fig. 8 . The THD percentage went down from 168.32% to around 28%. Fig. 11 shows typical voltage and current results when applying APF.
2) All Appliances Result (Feeder Input Compensation)
The filter PI parameters had to be changed for this experiment since the load waveform is different and higher in magnitude than that of the fridge only. The PI controller gains Kp and Ki, were set to 0.02 and 20 respectively. The line inductor was set to 4 mH to allow for higher current from the filter. The THD percentage went down from 80.47% to 53%. Fig. 12 shows typical voltage and current results for the scheme with the APF. Simulation results capture the active filter performance when applied to residential loads. Two scenarios were tested, first when the filter was applied to fridge, the THD was reduced from 168.32% to 28%, while the second examined combination of appliances where the THD was reduced from 80.47% to 53%. The APF being an active front end proved to have a better performance than when the filter is used to compensate for all the appliances at the feeder. It can be noted that there is high frequency switching imposed by the inverter, this can be mitigated by adding a passive low pass filter to the circuit.
Further work will be presented to validate the filter design; a standalone hardware model will be built to confirm the results of the appliances individually and all together. The filter will be designed and tested at the Advanced Power Quality Lab (APQL) in Mohawk College, Ontario, Canada.
